The recent draft assembly of the human genome provides a unified basis for describing genomic structure and function. The draft is sufficiently accurate to provide useful annotation, enabling direct observations of previously-inferred biological phenomena. We report a functionally annotated human gene index placed directly on the genome. The index is based on the integration of public transcript, protein, and mapping information, supplemented with computational prediction. Such a global approach has been described only for chromosomes 21 and 22, which together account for 2.2% of the genome. We estimate that the genome contains 65,000-75,000 transcriptional units, with exonic sequences comprising 4%.
Background
The sequence of the human nuclear genome has been completed in draft form by an international public consortium consisting of 16 sequencing centers and associated computational facilities (http://www.nhgri.gov/HGP). A private commercial version of the genome has also been sequenced and assembled using a whole genome shotgun approach [1] . Many lower organisms have been sequenced to date (http://www.tigr.org/tdb/mdb/mdbcomplete.html), but the 3.2 billion base pair human genome is ~25 times as large as the largest currently finished genomes, Drosophila at 120 Mb [2] and Arabidopsis at 115 Mb [3] .
The current public human sequence is primarily based on ~23,000 accessioned bacterial artificial chromosome (BAC) clones covering 97% of the euchromatic portion of the genome (http://genome.wustl.edu/gsc/human/Mapping). The sequence of these clones is approximately 93% complete to at least 4x coverage (http://www.ncbi.nlm.nih.gov/genome/seq). Thirty percent of the genome is in finished form, including the entire sequence of chromosomes 21 and 22
(http://www.ncbi.nlm.nih.gov/genome/seq/HsHome.shtml). These clones represent the most complete sequence information available, with overlapping clones positioned on a framework map using restriction fingerprinting. However, reduction to a single consensus sequence permits placement of genes and other chromosomal structures in their proper positional context. Recently, the consortium has distributed a working draft assembly of the entire genome that removes redundancies, orients sequence fragments and clearly indicates gaps arising from sequencing and assembly. The total assembled length is 3.08 billion bp -about 4% smaller than estimates of genome size based on flow cytometry [4] , presumably due to the exclusion of constitutive heterochromatic regions and centromeres. Major gaps (50 kb-200 kb) comprise 16% of the assembly, while minor gaps (100 or fewer bp) and low quality calls comprise 0.5%.
Results

Combine and conquer
Functional annotation of the genome is primarily hampered by the lack of a unified transcript index.
Current transcript information still largely consists of anonymous and highly redundant ESTs. The situation is further complicated by extensive splicing variation and elusive expression. To address these problems, the Ensembl consortium relies initially on computational prediction, followed by confirmation with EST/protein alignments (http://www.ensembl.org/Docs/wiki/html/EnsemblDocs/ScienceDocumentation.html). However, pure computational approaches can give differing results [5] , and may miss 20% or more of transcript-supported exons [6] . Other gene identification approaches rely on selecting and grouping ESTs into putative gene indices [7, 8] , or consensus sequences [9, 10] . These approaches emphasize internal consistency and result in limited EST populations that only partially overlap.
The genome sequence serves as a powerful arbiter of the quality of EST evidence, and will enable consolidation of additional exons into transcriptional units. Thus, we adopt a more inclusive approach.
Our approach is to combine the major public cDNA, EST and protein databases, resolve redundancies, and place the resulting exonic sequences uniquely on the genome using the program Blast. We refer to these genomic segments (technically high-scoring segment pairs, http://www.ncbi.nlm.nih.gov/BLAST/blast_help.html) as "exons," although the alignment evidence awaits future biological confirmation. Splicing evidence was carefully maintained within genomic clones, and across clones using the fingerprint map. For a given transcript, only the best match to genomic sequence (using splicing evidence, length and high sequence identity) was preserved, resulting in a unique location for each exonic unit within each database. We have successfully applied this approach to integrate UniGene consensus sequences into the human genome draft (Zhou et al., in press).
To compile a truly unique exonic index, redundancies must also be resolved across transcript databases. We grouped the databases into ranked categories and ordered them within categories. Transcripts with known boundary information (using the UTR-DB database) [11] or full-length cDNAs in the HTDB database [12] were given precedence over other records.
Consensus transcripts were given precedence over individual ESTs because they provide greatly improved specificity, splicing evidence and transcript integrity. We assembled UniGene-based human (Zhou et al., in press), mouse, and rat consensus transcripts. Collectively, the databases represent almost all public information on known genes, transcripts and relevant homologous sequences. When aligned segments overlapped, only the segments from the highest-ranked categories were used. After resolution of overlapping exons, a new exonic index of contiguous spliced components was formed. Each member of this new index inherited the rank of its highestranked exon, in order to facilitate subsequent identification of transcriptional units. Our approach also ensures that known genes are represented only once in the final gene map. Table 1 describes the identification of exonic sequence via the public databases. Not all human transcript records could be placed on the genome, reflecting sequence gaps and the draft quality of the genomic clones. The percentage placement of known genes (80%-89%) suggests that unsequenced regions will contribute substantial numbers of additional genes. The varying placement percentages among transcript databases reflect varying sequence quality and differing transcript lengths. Unique exons are those that have no overlap with those already placed by a higher-ranked database. Rodent transcripts provided a modest number of additional exons. Finally, additional placements were possible using protein homology. The percent placement was relatively low because all proteins from different species were considered, with specificity assured by using appropriately stringent criteria.
When all of the databases are considered, 613,183 unique exons were placed, including 299,014 in complete open reading frames (ORFs) and 55,860 in partial ORFs. The total putative exonic lengths add to 106 Mb, or about 4% of the sequenced genome. At least 30-40% of the known genes or transcript indices contain one or more internal transcripts, suggesting alternative splicing, internal genes or occasional artifacts (misassembly or genomic contamination). The prevalence of alternative splicing remains unknown, but may occur frequently [13] . "Sandwiched" transcripts were merged with their flanking indices, unless both the internal and the flanking sequences were distinct known genes (<150 apparent internal genes). In addition, we observed a small number of apparently overlapping genes (~530 on opposite strands) [14] .
We assessed three ab initio gene prediction methods by comparing their predicted exons to the ones identified by transcripts and proteins. Genscan, Grail and Fgene were used across the genomic clones to identify potential exons. Approximately 70% of the 299,014 exons in ORFs with either transcript or protein support were identified by at least one of the programs, but a very large number (847,283) of unconfirmed exons were also identified. A summary of the gene prediction analyses appears on our web site (http://pandora.med.ohio-state.edu/Annotation). The large apparent false positive rate implies that pure computational gene prediction is not yet a practical alternative to experimental evidence.
Transcriptional units
Our consolidated exonic index is of inherent biological interest, but it is desirable to further identify transcriptional boundaries to create a putative gene index. We employed an approach designed to minimize fragmentation of exons and provide conservative gene counts (see Methods).
The following criteria were used to identify gene boundaries: (1) known 5′ or 3′ UTR sequences in UTR-DB; (2) full-length cDNAs in HTDB; (3) exons in partial ORFs as possible boundaries of coding regions; (4) exons without continuous ORFs as additional UTR sequences; (5) CpG islands; and (6) gene boundaries predicted by Genscan. Multiple in-frame exons in a continuous ORF were always considered part of a single gene, an approach that tends to consolidate exons rather than create spurious additional genes. Additional consolidation resulted from extension of boundaries for multiple exons not residing in ORFs until occurrence of genomic landmarks described above.
The success of this approach depends largely on the extension and consolidation of overlapping http://genomebiology.com/2001/2/3/preprint/0001.7 transcripts, and the integrity of ORFs and other genomic landmarks provided by the draft sequences. Approximately 48% of the transcriptional units were based on consensus transcripts and 28% based on individual ESTs. A total of 9,372 transcriptional units were based on singleton transcripts without splicing evidence, which can result from genomic contamination or other artifacts. A total of 1,437 units were supported only by rodent transcripts. An additional 3,154 units were identified based on protein homology. Our approach yields an overall estimate of 75,982 transcriptional units, with 66,610 supported by multiple transcripts or individual transcripts with splicing evidence. We observed that 45% of the gene units were associated with CpG islands (defined as 10 kb upstream or within the gene). For the 6,500 known genes with known 5′ boundaries, the value was 40%. The average genomic size of each transcriptional unit, including only transcript or protein-based exons, is ~ 12 kb. In total transcriptional units occupy about 900 Mb, corresponding to approximately 35% of the sequenced genome.
Gene map
The placement of transcriptional units is not without error, as most genomic clones are unfinished and the restriction fingerprint map can be subject to misassembly. To resolve placement errors, we used a relational database to integrate information from several independent maps, including Genemap '99, assembled genomic contigs, and fingerprint, radiation hybrid and cytogenetic maps (See Methods). Placement required a minimum of three concordant criteria. Together, a total of 75,982 transcriptional units were placed on the genome, providing an initial glimpse of a complete gene map. The map and associated functional annotation (see below) are available at http://pandora.med.ohio-state.edu/Annotation.
Functional annotation
SWISS-PROT, TrEMBL, PIR and Pfam were used to annotate our unified gene index, because functional keywords in these databases are standardized [15] (Table 2) . We used the classification schema developed by the International Gene Ontology Consortium to assign each keyword to an appropriate ontological description (http://www.geneontology.org; and see http://pandora.med.ohio-state.edu/Annotation for keyword assignments). Clear functional roles and biological processes were given priority over other keyword designations. Similarly, protein-based annotation was performed for HINT consensus transcripts. The transcriptional units resulted in a greater number of annotations (~23,000) than HINT transcripts (~11,000) because of the increased length of the included genomic sequence.
The annotation also allows us to assess the protein composition of human vs. other species.
A BlastX result of E < 10 -20 was required in cross-species DNA-protein alignments to be considered homologous. A total of 20,892 human transcriptional units (30% of all units) are homologous to at least one other species; 5,792 (10%) were conserved across mammals (mouse or rat), Drosophila, and C. elegans. A total of 1,759 (3%) were conserved across all of these species and yeast. These values are very consistent with a recent comparative genomic survey [16] . 
Global tissue expression profiles
A global view of the human genome
In keeping with the longstanding clinical importance of cytogenetics, it is important to align Giemsa-staining G (dark) cytobands vs. R (pale) bands (ISCN 1995) to the assembly [20] .
Cytoband boundaries on genomic sequence have been depicted with apparent precision [6, 21] but in fact are largely unknown. With only a few-fold genomic coverage, the gap sizes in unfinished sequence are difficult to estimate precisely. Thus, it is preferable to align the cytoband positions to the fixed assembly rather than the reverse. Such an "assembly-corrected" alignment was performed using genes/ESTs that have been mapped cytogenetically and also placed on the assembly. This alignment is approximate, as the resolution of conventional staining techniques and FISH is limited
Density of genomic features
The resulting corrected ideograms and six major genomic features are plotted across the genome in A total of 48,000 CpG islands were found on the assembly using standard criteria [24] (see 
Comparison of cytogenetic bands
We next examined the overall correspondence between cytobands and exonic density and other genomic features. Table 3 
Gene density
We analyzed for each chromosome the exonic sequence as given in Table 1 . Figure 2A Reports based on integrated radiation hybrid maps of ESTs [35, 36] indicated that chromosomes 1 and 22 were more gene-rich, but otherwise broadly agree with our results.
An intriguing clinical observation follows from these data and the tissue-specific observations. It had been noted [32] that the aneuploidies that are compatible with survival until birth (trisomies 13, 18, and 21, as well as X and Y aneuploidy) appeared to occur in relatively genepoor chromosomes. Our data confirm these observations. However, the most obvious models for the deleterious effects of aneuploidy should instead depend on the total number of genes. In examining our HINT transcripts we have found that in fact the total number of embryo-specific transcripts is lowest on these 5 chromosomes ( Figure 3 ). We suggest that trisomy of other chromosomes may exceed a limit of survivable dosage compensation during development. The genetic map shows a higher recombination rate per unit physical distance (i.e., higher slope) at the telomeres, and a low male recombination rate (and thus sex-averaged rate) near the centromere The radiation hybrid plots tend to be more linear, which is consistent with the model that radiation induces chromosomal breakpoints essentially uniformly [42] . However, jumps in the GB4 map occur at the centromere on most chromosomes. This may result from incomplete centromeric sequencing and assembly, so that a large centromeric gap might not appear as such. Alternatively, the jumps may reflect statistical difficulties in estimating breakpoint rates across the centromere.
Comparisons to genetic and RH maps
We note that no jump occurs in the G3 map, apparently because the higher radiation intensity produces insufficient marker pairs in the rescued hybrids that span the centromere. Thus the jump cannot be accurately estimated and was simply suppressed in the published map (http://wwwshgc.stanford.edu/Mapping). A large unrecognized sequence gap would then appear as a flat region on G3 plot, which does not occur. An alternative possibility is that the jumps reflect increased radiation sensitivity at the centromere. This is worthy of additional investigation.
Clusters and compartments
The availability of the full assembly enables a comparison of the entire genome to itself for evidence of homology arising from duplications or insertions. We emphasize that the genome is still in draft form, and a complete description of these features will be a large and ongoing scientific and computational task. We used BlastN [43] to identify intra-chromosomal homology and to provide an initial look at the genomic landscape. Local duplication is a feature common to all terminus of the euchromatic region). Near-duplicate sequences appear through the genome, producing a "plaid" appearance on many chromosomes. These sequences tend to have lower sequence similarity (blue in Figure 5 ), consistent with an ancient origin and accumulated mutations.
As an example of functional duplication, we note that more than 60% of the entire zinc-finger results in an estimate of ~30,000 genes, assuming a uniform rate of conserved regions per true gene.
These approaches resulted in similar estimates when applied to larger sets of mRNAs or known genes, and are similar to the current 33,000 genes reported by Ensembl as having Genscan computational support and EST confirmation. All of these estimates are carefully constructed and remarkably concordant, and we propose possible explanations for the difference from our results.
The differences do not result entirely from the reliance on transcriptional evidence, as has been As genomic annotation proceeds, the number of protein-encoding genes will become clearer. Our approach seems to rule out artifactual or genomic contamination as the predominant explanation for transcriptional units with unknown function or protein homology. Ensembl has recently listed a count of 170,160 'confirmed' exons, while we report 299,014 in complete ORFs and many more in untranslated regions, suggesting that our approach identifies considerable additional transcription. We point out that only 58% of known genes exhibit protein homology (Table 1) , and e.g. a large proportion of transcriptional units have not been functionally classified in Drosophila [2] . We thus propose that most of the unclassified transcriptional units are in fact coding -the lack of protein homology may reflect difficulty in studying these proteins, or rapid gene evolution, and some portion is likely to function at the RNA level [48] .
Clustering of ontological groups
We examined the locations of all transcriptional units that had been classified according to Gene Ontology ( 
Concluding remarks
The human genome is a capacious resource that will support years of intensive investigation.
The quality of the draft sequence has now reached the point that genetic maps can truly be integrated into the genome. Analysis at the sequence level shows pervasive local and distant duplication, much of which preserves function. We have found evidence for a large number of transcriptional units (65,000-75,000) and performed initial annotation and classification. The effective study of transcription and protein function requires the compilation of all available evidence of transcription and protein homology. We have created such a resource to aid in this effort. were assembled into sequence contigs, and links to progenitor records retained.
Materials and Methods
Exon identification
The genome-wide hit expectation value was set at E<10 -25 (BlastN) or E<10 -15 (BlastX) to filter out non-specific high-scoring segment pairs (HSPs). Default parameters of Blast were used.
The Blast report was parsed into field-specific tables using the program MSPcrunch (ftp://ftp.cgr.ki.se/pub/prog, Version 2.3). The resulting table was processed using a set of Perl scripts by first retaining only the HSPs that were spliced from the same transcripts on the same genomic contig. The same process was then applied to the HSPs on the genomic sequences, that spliced HSPs from the same transcripts were retained followed by the singleton HSPs that were both longer and higher in sequence identity over their overlapping counterparts, resulting in a unique placement for each cDNA segment on the genomic sequence.
Prediction of transcriptional units A set of Perl scripts was used to implement the algorithm described above. Genomic clones were ordered and oriented using the fingerprint map and draft assembly. Within unfinished clones, sequence contigs were further ordered and oriented according to Ensembl's assembly (ftp://ftp.sanger.ac.uk/pub/enembl/data/mysql/contig.txt.table.gz). This mapping produced the positional context necessary for consolidating fragmented exon units. Where necessary, small sequencing gaps (100 bp or fewer) were ignored and genomic clones were considered contiguous except where a large gap was indicated in the draft assembly (>50 kb).
ORFs were determined using the program getorf (http://www.emboss.org).
Gene mapping A relational database was used to integrate multiple largely independent maps for the genomic clones, where transcripts had been placed. This integration thus results in a transcript map based on the order and position of genomic clones. Individual sequencing contigs within each unfinished clone were oriented using the Ensembl contig map 
Tissue-specific transcripts
We noted the total number of ESTs contributed by each tissue to compute an expected proportion.
For each HINT consensus transcript, we identified the tissue/source contributing the most ESTs to the consensus. The expected binomial distribution for the fixed number of ESTs in the consensus was used to compute a p-value, which was then Bonferroni-corrected for the 81 tissues X 67,000
HINT consensus transcripts.
Cytoband alignment G bands are known to be relatively AT rich, but the precise relationship between sequence and cytoband position is too poorly understood to be used for alignment.
Genes/ESTs with cytoband position appearing in UniGene were placed on the full genome assembly. Cytoband cutpoints were used to create a scatterplot with the center of the cytoband forming the x-coordinate, and assembly position as the y-coordinate. Outliers were identified as points lying more than 2.5 standard errors outside of prediction intervals from a third degree polynomial regression fit. A Loess regression fit was used on the remaining points to estimate cytoband boundaries, with p and q arms fit separately. Centromeres and heterochromatic regions were assumed not sequenced, based on a review of current clone frameworks. Primary sources for assignments of genes to heterochromatic regions were examined and in most cases deemed
inconclusive. An exception is chromosome 19, which has a considerable number of genes assigned to 19q12 and finished sequence in the region. Scatterplots and regression fits for the entire genome are at http://pandora.med.ohio-state.edu/Annotation.
Genomic feature correlations. All 1 Mb intervals were combined to produce Table 3 , but statistical tests were performed by computing ratios and correlations within each chromosome separately, in order to account for correlation of features within each chromosome. These statistics were then compared across the chromosomes to an appropriate null value using single sample ttests. Some of the features were skewed, and pairwise comparisons were performed using Spearman rank correlations. A Bonferroni multiple-comparison procedure was applied to the 15 unique correlations.
Regional functional clustering
Apparently significant clustering can arise from the fact that genes exhibit regional clustering. To correct for this, we considered the physical order of all mapped transcripts and calculated the distances (in ranked location) between transcripts belonging to the same ontological category.
Under the null hypothesis, the transcripts in a category should be distributed uniformly among all mapped transcripts with ontological classification, and the successive distances are approximately truncated exponential. Based on this, we compared the observed tenth percentile of successive distances to that under null hypothesis to compute a p-value. All tests were highly significant, with p<0.0001 for 59 of the 60 largest categories, and quantile-quantile plots with observed vs. expected distributions showed striking evidence of clustering. These tests were confirmed with permutation tests with empirical generations under the null hypothesis. As a conservative correction for the possibility that separate transcriptional units that might belong to the same gene, we considered successive distances for every other transcript. These tests were also significant, with p<0.01 for the 60 categories. 70-79% 80-89% 90-100%
